e shear performance of concrete beams is known to be an important mechanical feature; hence, enhanced shear resistance is critical for determining a beam's performance in terms of security and service life. is paper presents a study on the shear behavior of concrete beams without web reinforcement strengthened by external vertical prestressing rebars (EVPRs). Experimental data were obtained from seven test beams with varying influencing factors (stirrup ratio ρ sEP , arrangement spacing s, prestressing force F p , and compressive stress degree c p of the EVPRs) to determine their effects on the shear behavior. e results reveal that the EVPRs can significantly improve the shear capacity and ductility of concrete beams without web reinforcement. Furthermore, the failure mode is changed from brittle diagonal tension to relatively ductile shear compression, and the flexural cracks and shear cracks are more fully developed. e shear capacity becomes enhanced as the ρ sEP and c p are increased; vertical compressive stress provided by the EVPRs can reduce the principal tensile stress of the concrete structure to prevent the shear cracking and enhance the shear resistance of the concrete. Meanwhile, in the stage from the formation of the critical shear crack (CSC) to the shear failure, the EVPRs can be used as stirrups to share the shear load. It can be concluded that EVPRs can effectively improve the shear performance of concrete beams.
Introduction
Shear capacity is one of the most important parts of RC beams in structural design, although it occurs suddenly and may lead to catastrophic consequences, so RC beams should have sufficient shear capacity. However, in some cases, the failure of beams can take place due to a deficiency in the shear design. Research on enhancing the shear resistance mainly includes using ultrahigh-performance concrete [1, 2] , fiber concrete [3] [4] [5] [6] , external bonding of steel or FRP plates [7] [8] [9] [10] [11] [12] , internal vertical prestressing rebars (IVPRs) [13] [14] [15] [16] , and external vertical prestressing rebars (EVPRs), which have been studied in depth by many researchers [17] [18] [19] [20] [21] .
Vertical compressive stress, which is provided by vertical prestressing rebars arranged in the webs of a girder, is an active and effective approach for improving crack and shear resistance by reducing the principal tensile stress of the webs [22] . IVPRs as a means of providing vertical compressive stress were widely used in almost all the large-span concrete box girders. However, during the service life, cracks have still occurred in large quantities in IVPR girders [14, [23] [24] [25] [26] [27] [28] [29] . e shortcomings of conventional IVPR techniques are mainly summarized as follows: (1) the reserved holes of the vertical prestressing rebars weaken the effective area of the web and cause stress concentration; (2) because the reserved pores are narrow, they often cause segregation and bleeding in the grout, resulting in insufficient filling of the reserved pores; (3) it is difficult to effectively control and monitor the tensile force of EVPRs during tensioning and service; therefore, it is difficult to assess the enhancement effect of the shear capacity; and (4) since the pipelines have been grouted, IVPRs are difficult to replace. In order to solve the shortcomings of traditional IVPR techniques, EVPRs, the technique of arranging vertical prestressing rebars outside the web, have been proposed and studied. e structure of EVPR was first proposed and studied in 1991 by Aboutaha and Burns [17] in terms of the behavior of retrofitted prestressed composite beams that originally lacked shear reinforcement. EVPRs can be successfully used to improve the shear strength of prestressed concrete composite flexural members that lack shear reinforcement, and the mode of failure of a prestressed composite flexural member could be changed from a sudden shear failure to a ductile flexural failure. Meanwhile, in 2003, Altin et al. [18] completed a shear test of 13 T cross-sectional beams. e experimental results showed that the EVPR is effective and that the specimens' strength, rigidity, and ductility were improved. EVPRs controlled any shear cracks and also helped to improve the ductile flexural behavior of the members.
In 2006, the results on the strengthening methods were presented [19] , including on steel brackets, steel plates (with or without anchors), vertical steel strips, and EVPRs, which all can improve the ultimate shear strength of reinforced concrete beams and change the failure mode from brittle shear to flexural; but the EVPRs is the most effective method for shear strengthening of reinforced concrete beams. Accordingly, EVPR techniques deserve more research studies.
Based on the test data of 14 rectangular beams with EVPRs, Shamsai et al. [20] found that the test beams all suffered flexural failure, and some of the test beams did not crack in the critical shear region before failure. Test results have shown that the vertical compressive stress is taken as 0.04 times the concrete strength, which can effectively prevent the member from diagonal cracking.
ereafter, Demir et al. [21] completed the shear test of two series of beams. One series of beams were concrete beams without web reinforcements, and the shear strength of the beam enhanced by EVPRs was 2.11 times that of the beam without EVPRs. For the series of concrete beams with embedded web reinforcements, the shear strengths of the EVPR beams whose failure mode is shear failure and flexural failure were 1.6-1.82 times those of the control beam.
However, there are limited studies on the mechanisms of the EVPR technique. Specifically, there are virtually no related in-depth studies of the effects of EVPRs on a concrete beam with varying stirrup ratios and vertical compressive stress degrees of the EVPRs. Although the performance of a concrete beam with EVPRs is effective, the reasonable configuration of EVPRs can further improve this performance.
e aim of this study is to explore the effect of the EVPRs on the shear behavior of concrete beams without web reinforcement.
e seven test beams include two concrete beams without web reinforcement as control beams and five concrete beams without web reinforcement enhanced by the EVPRs; a total of 7 beams are measured in this study. e shear behavior of beams with EVPRs was investigated, including the failure mode, shear capacity, ductility, cracks, and strain of the prestressing rebars with varying stirrup ratios, arrangement spacing, prestressing force, and vertical compressive stress degrees of the EVPRs.
Experimental Program

Vertical Compressive Stress Degree c p .
After the EVPR is tensed, a tensile force is generated in the EVPR, which in turn generates vertical compressive stress on the beam through the anchoring beam ( Figure 1 ). e vertical compressive stress can reduce the principal tensile stress of the beam, effectively putting off the generation of diagonal cracks, and achieve the purpose of enhancing the shear resistance of the concrete beam.
Two cases are used to discuss the stress state of the beams.
Case I. Consider a concrete beam without web reinforcements, whose height and width are h and b, respectively. Under the action of the shear force V (Figure 2(a) ) at the beam height h/2, unit A is only subjected to the shear stress τ (Figure 2 (b)), and its magnitude is equal to the principal tensile stress σ 1 (Figure 2(c) ).
At the moment of the formation of the diagonal crack, the shear stress τ is recorded as τ cr and the principal tensile stress is recorded as σ 1cr . According to the first strength theory of material mechanics (maximum tensile stress theory), the standard value of uniaxial tensile strength of concrete f t can be obtained for a beam:
Case II. Applying EVPRs to the beam, which is in a critical state of diagonal cracking, can decrease the principal tensile stress σ 1p (Figure 3(c) ). It should be noted that the shear stress of the section is only related to the shear force V (Figure 3(a) ) and the beam section size, regardless of whether the EVPRs are configured or not. erefore, the shear stress of the EVPR beam can be assumed to be the same as the shear stress of the original structure, meaning that the shear stress of the beam with the EVPRs at the time of diagonal cracking is still τ cr (Figure 3(b) ). at is,
Since the principal tensile stress σ 1p is smaller than the standard value of the uniaxial tensile strength of concrete f t , the beam is changed to an uncracked state and the purpose of reinforcement is achieved.
e EVPRs are arranged according to the arrangement spacing s p . Two vertical prestressing steel bars are arranged symmetrically on both sides of the beam, and two pretensioning forces F p act on the single vertical prestressing steel bar, as shown in Figure 1 .
For unit A subjected to the vertical compressive stress σ zp and the shear stress τ, the calculation formula of the principal tensile stress σ 1 is
erefore, under the action of vertical compressive stress, the force conditions of unit A in the critical state of diagonal cracking are as follows: the shear stress is τ cr and is 
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equal to f t as analyzed by the previous process; then, the principal tensile stress σ 1p is
where σ zp is the vertical compressive stress generated by EVPRs for unit A in the concrete beam. is study proposes the "vertical compressive stress degree" c p , which is used to characterize the magnitude of the vertical compressive stress generated by EVPRs in the web. e coefficient c p is calculated as
After the EVPRs are configured, the principal tensile stress of unit A in a critical state of diagonal cracking is reduced from σ 1 (σ 1 � f t ) to σ 1p (σ 1p < f t ). In this paper, the "principal tensile stress reduction factor" η p is proposed to characterize the reduction of the principal tensile stress of the EVPR beam relative to the original beam by
Substituting equations (2), (5), and (6) into equation (7) yields Figure 4 shows the relationship between the principal tensile stress reduction factor η p and the vertical compressive stress degree c p in the range of 0-2. e principal tensile stress reduction factor η p decreases with the increase of c p ; that is, the principal tensile stress decreases with the increase of the vertical compressive stress, and it is basically close to a linear relationship. erefore, in practical engineering applications, the vertical compressive stress σ zp can be used to enhance the diagonal crack resistance and shear resistance of the structure. In addition, the vertical compressive stress σ zp provided to the beam by the EVPRs is generally equal to 0.2 to 2 times f t (f t is the uniaxial tensile strength of concrete).
at is, the vertical compressive stress σ zp is generally not greater than 0.2 times f c (f c is the compressive strength of concrete), and thus, the creep of concrete can be ignored for the negative impact on the benefit from the EVPRs.
Experimental Specimens and Materials.
e magnitude of improvement in load capacity of strengthened beams is a content to be studied in this paper. Because the shear spanto-effective depth ratio affects the stress trajectories, in order to obtain the enhanced effect of EVPRs in shear resisting, the structural types are selected: (1) no web reinforcement and (2) shear span-to-effective depth ratio is greater than 3 to reduce the impact of "concrete arch" on the effect of EVPRs in shear resisting.
A total of seven beams were tested in this study. e geometric properties and reinforcement layout are shown in Figure 1 . All the beams with rectangular sectional areas were designed to be reinforced concrete beams. e beam is with a size of 250 mm (b) × 500 mm (h) × 3000 mm (l) and with a clear span between supports of 2600 mm. All the specimens had five longitudinal tension reinforcements with a diameter of 22 mm and a reinforcement ratio of 1.81% recorded as Φ22 and had two longitudinal compression reinforcements with a diameter of 22 mm recorded as Φ22.
In the longitudinal direction of the beam, the specimens were divided into two segments: the left segment without stirrups and the right segment with embedded stirrups, as shown in Figure 1 . Stirrups with a spacing of 100 mm, a diameter of 12 mm, and a stirrup ratio of 0.905% were 4
Advances in Civil Engineering embedded in the right segment to avoid shear failure. e segment without stirrups is the expected zone to encounter shear failure in the RC members and EVPR members. e properties of the specimens are summarized in Table 1 . In Table 1 , in addition to the above mentioned principal parameters, such as the principal tensile stress reduction factor η p and vertical compressive stress degree c p , there is an important parameter ρ sEP , the stirrup ratio of EVPRs, which is calculated as
where A sEP is the total area of the EVPRs in one section, b is the width of the beam, and s p is the spacing of the EVPRs. In this study, specimens are designated by four characters. e first character "RC" and the second one "EP" are the abbreviation of reinforced concrete beams and EVPR beams, respectively. e third character "F" shows the pulling force value added to every EVPR, and its unit is kN. e last character "S" shows the spacing of the EVPRs. S1, S2, and S3 represent 340 mm, 240 mm, and 280 mm, respectively. According to the above definitions, EP_P22_S2 means that the specimen is strengthened by EVPRs, the pulling force value added to every EVPR is 22 kN, and the spacing of the EVPRs is 240 mm; RC_1 means that the beam is the first one of the reinforced concrete beams.
e specimens consist of seven beams, which were divided into two experimental groups. One group is enhanced by EVPRs, called EVPR members, and another group is not enhanced by EVPRs, called RC members. e RC members are the control beams, including RC_1 and RC_2, which are designed to have weaker shear strength than flexural strength to a large extent. e EVPR members, consisting of EP_P22_S1, EP_P18_S3, EP_P22_S2, and EP_P26_S3, are designed to examine the effects of different stirrup ratios of EVPRs on the shear behavior under the same vertical compressive stress degree. In addition, EVPR members EP_P22_S3, EP_P26_S3, and EP_P18_S3 are designed to examine the effects of different vertical compressive stress degrees on the shear behavior under the same stirrup ratio of EVPRs.
e concrete used consists of water, PO 32.5 cement, fine sand, and coarse aggregates with a maximum diameter of 16 mm. e mixing ratio is shown in Table 2 .
e cubic compressive strength and cubic splitting strength of concrete were obtained from the standard cube tests of the 15 samples with dimensions of 150 mm × 150 mm × 150 mm. e mean values of the cubic compressive strength f c and cubic splitting strength f ts are 30.2 MPa and 2.88 MPa, respectively.
Two types of steel bars for the longitudinal reinforcement recorded as Φ22 and the stirrups recorded as Φ12 were used in the cast-in-place beam. e EVPRs used to enhance the segment without the stirrups of the beams are ribbed steel with a diameter of 14 mm. e characteristics of these three types of steel bars were evaluated by the elastic modulus E s , the yield strength f y , and the ultimate strength f u , as shown in Table 3 .
Strengthening
Technique. An EVPR anchoring unit used in strengthening the beam is shown in detail in Figure 5 . e structure system of an EVPR anchoring unit consists of the following elements: (1) double steel bars, with 14 mm diameter and 800 mm length, prestressed before the beam is loaded; (2) a double anchoring beam for transferring the prestressed force: the anchoring beam consists of two 10# channels steel welded with three 10 mm thick reinforcing plates to ensure sufficient stiffness; (3) M14 nuts to connect the prestressing steel bars and anchoring beam; and (4) four 10 mm thick backing plates with a 20 mm diameter hole to avoid stress concentration.
e process of applying the EVPR system to a concrete beam is as follows: First, various components of the EVPR anchoring unit are initially installed. en, the strain gauge is placed on each of the prestressing steel bars. Next, the nuts are slowly and manually screwed to apply the prestress, and the strain is read in real time through the strain gauge. Finally, the tensile force is obtained until the tensile force reaches the design value.
Experimental Setup and Instrumentation.
Specimens were tested under concentrated stationary loads by using a hydraulic jack, which is 1400 mm and 1200 mm from the left and right supports, respectively. A rubber plate unit was used under the load cell to ensure the transfer of uniform pressure to the specimens. e load was applied against a structural steel frame connected to the floor.
To effectively control the tensioning process and obtain the tensile force value of the EVPR during the test, strain gauges were placed on every EVPR, numbered PS1, PS2, PS3, and PS4 from left to right. In addition, "R" and "L" were used to indicate that the strain gauge is on the right or left of the beam. ree strain gauges, namely, TS1, TS2, and TS3, were placed on each tensile reinforcement to obtain strain during loading. In the right segment with stirrups, a strain gauge was placed on one of the stirrups to measure its strain, as shown in Figure 6 .
Tension was applied to EVPRs by manually tightening the nuts until the tensile force reached the design value. By pushing the hydraulic jack for loading, the loading rate was approximately 20 kN/5 minutes and was maintained for 15 minutes. e actual loading force was obtained by the load cell (capacity: 1000 kN, model: YLR-3F) under the hydraulic jack. Deflections at the midspan were measured using a potentiometer of 50 mm stroke with an accuracy of 0.01 mm. e data of the strain gauge and load cell were obtained by a static resistance strain gauge (model: TYPEB-2930).
Test Results and Discussion
Seven beams without web reinforcements, including 5 beams enhanced by EVPRs and 2 beams not enhanced, were tested to analyze the effect of EVPRs on the shear resistance, in cases where the shear span-to-effective depth ratio is greater than 3. e test variables are the stirrup ratio, arrangement spacing, prestressing force, and vertical e test results mainly introduce crack development, failure mode, steel stress, and shear capacity.
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Shear Capacity and Failure Mode.
As a theoretical system, critical shear crack theory (CSCT) has been applied to the analysis of shear behavior of concrete structures in recent years. An important feature of this theory is the critical shear crack (CSC), [30] which is suitably defined as follows: after the shear cracking, further loading causes the number of shear cracks to increase or to widen, eventually forming a major shear crack. Normally, the failure of the concrete specimen is mainly caused by the opening of the CSC, but the final failure surface does not always coincide with the CSC. When the failure surface of the specimen occurs at the CSC, it is called the A-F type. When the failure surface is partly coincident with the CSC, it is called the A-E type. Based on a large amount of experimental data, Muttoni [31, 32] simplified the CSC into a double-fold model (A-B-F), as shown in Figure 7 . In general, the process of forming and widening CSC can be used as a feature in shear crack development of the concrete specimen. is article refers to the load P CSC applied to form CSC in later chapters, which mainly considers the moment when the A-B segment has formed and the B-F segment is about to form. Table 4 shows a summary of the crack development, displacement, bearing capacity, and failure mode of the test beam with load development.
Since the RC_1 and RC_2 beams are not configured with stirrups in the left segment and the shear span-to-effective depth ratio is relatively large (a/d � 3.33), typically, shear diagonal tension failure occurs at loads of 255 kN and 290 kN, which are brittle shear failures. For RC_1 and RC_2, once the diagonal tension failure is formed, the brittle shear failure occurs immediately (Figure 8 ).
After the EVPR is configured, all EVPR specimens, namely, EP_P22_S1, EP_P22_S2, EP_P22_S3, EP_P26_S3, and EP_P18_S3, have been transformed from diagonal tension failure to shear compression failure due to the action of vertical compressive stress, and the shear capacity is increased to 505 kN-535.2 kN.
e shear capacity is increased by 85.3%-96.4% relative to the mean of RC_1 and RC_2. At the same time, there is an ability to exhibit good ductility, as shown in Figure 8 . Figure 8 shows the following: (1) overall, when the compressive stress degree c p is constant, the shear capacity of the beam increases with the increase in the EVPR stirrup ratio obtained from specimens EP_P22_S1, EP_P18_S3, EP_P22_S2, and EP_P26_S3 and (2) since the stirrup ratio of the EVPRs ρ sEP is constant, the shear capacity increases with the increase in the compressive stress degree c p according to specimens EP_P22_S3, EP_P26_S3, and EP_P18_S3; this means that when the tensile force of the EVPRs is constant, the shear capacity increases as the spacing of the EVPRs decreases, and when the spacing of the EVPRs is constant, the shear capacity increases as the tensile force of the EVPRs increases.
Crack Pattern.
e failure modes of the seven specimens are shear failure, and all of the shear failures occur in the left segments, which embedded no stirrups. e right segment of all specimens does not fail since there are enough stirrups, but many cracks exist in the specimens in the test. e following information only describes the test results of the left segments. Figure 9 shows the crack pattern of the test beam at shear failure, as mainly represented by specimens RC_1, RC_2, EP_P22_S2, and EP_P26_S3. At the same time, in order to show the crack pattern more clearly, Figure 10 depicts the crack distribution of all the specimens. e specific analysis is as follows.
RC Members.
When the load is 70 kN-80 kN, the flexural cracks started to be generated at the bottom position of the midspan of the specimens. As the load increased further, several new flexural cracks appeared in the direction of the loading point toward the support. When loaded to 255 kN and 290 kN, the critical shear crack (CSC) suddenly formed and immediately widened. With a crisp sound, diagonal tension failure was ultimately caused, and only one diagonal crack formed.
Since the RC_1 and RC_2 beams are not configured with stirrups in the left segment and the shear span-to-effective depth ratio is relatively large (a/d � 3.33), typical shear Advances in Civil Engineering 7 diagonal tension failure occurs at loads of 255 kN and 290 kN, which is brittle failure. e crack development was less, except for a few flexural cracks. ere was only a diagonal crack causing one specimen failure, as shown in Figures 9(a) , 9(b), 10(a), and 10(b).
EVPR Members.
It can be seen from Figure 8 that the shear capacity and ductility of all EVPR specimens are greatly improved after the EVPRs are arranged. In all EVPR members, including EP_P22_S1, EP_P22_S2, EP_P22_S3, EP_P26_S3, and EP_P18_S3, shear compression failure occurred and a number of diagonal cracks and flexural cracks were formed. Although shear compression failure is also brittle failure, it can continue to bear the load after reaching the ultimate shear capacity. Compared with the RC_1 and RC_2 beams, the ductility was greatly improved. e ability to exhibit good ductility at the same time is mainly due to the shear contribution of EVPRs since the stirrup and vertical compressive stress originated from the EVPRs.
When the loads were 69.1 kN, 75.6 kN, 89.8 kN, 75.9 kN, and 96.9 kN, respectively, specimens EP_P22_S1, EP_P22_S2, EP_P22_S3, EP_P26_S3, and EP_P18_S3 produced their first flexural crack. As the load increased further, a number of flexural cracks near the support gradually emerged. When the loads were 159.4 kN, 199.3 kN, 183.2 kN, 144.5 kN, and 159.4 kN, respectively, the flexural cracks developed into diagonal cracks. When further loaded to 314.5 kN, 318.5 kN, 307.2 kN, 328.4 kN, and 308.6 kN, the shapes of the critical shear crack (CSC) were formed, but due to the enhancement of EVPRs, the specimens worked well still. As the load increased, the critical diagonal crack gradually widened until the specimens' shear failure. e load forces at shear failure were 505.03 kN, 519.11 kN, 527.62 kN, 535.21 kN, and 517.6 kN, respectively. It can be seen that the EVPRs have little effect on the initial flexural crack load of the specimens, but the diagonal crack load increases with the increase in the vertical compressive stress degree. Due to the action of EVPRs, both flexural cracks and diagonal cracks are fully developed.
Meanwhile, when the shear failure occurred, the results of the strain reading of the TS1-TS3 gauges showed that the tension stresses of the longitudinal tension rebars are all less than 2.275 × 10 −3 ; this means that the longitudinal tension rebars are not yielded, indicating that the beams only suffered shear failure without flexural failure. Due to the effect of compressive stress and without the constraints of the stirrups, the longitudinal compression rebars at the top of the specimen exhibit lateral buckling under compression, causing a large amount of concrete on the side to peel off. During the loading process, the anchoring beam, consisting of two steel-welded 10# channels, gradually shows local Figure 11 shows the strain variation of the EVPR with the loading force. It can be seen that the strain of the EVPR changes little before formation of the CSC, but the change increases sharply after formation of the CSC until the EVPR reaches yield.
Strain of the Prestressing Rebars.
e reason is that, according to the classical assumption of elastic mechanics, in the vertical direction, the concrete structure satisfies the small deformation assumption before the shear cracking, so the strain change in the EVPR is small; at this stage, due to the vertical compressive stress, the principal tensile stress of the concrete at the segment without stirrups is less than its tensile strength.
After the CSC is formed, due to the shear force, the specimen body begins to produce large deformation in the vertical direction, and the strain of the EVPR increases sharply. At this stage, the EVPR acts as a stirrup until the structure exhibits shear failure.
erefore, the antishear contribution of the EVPR mainly includes (1) the shear resistance of concrete enhanced by the vertical compressive stress and (2) that it bears the shear force as a stirrup in the stage from the formation of the CSC to the shear failure.
Conclusions
In this study, the test results of seven beams with shear spanto-effective depth ratio a/d � 3.33 are given, including two concrete specimens without stirrups and five concrete ones enhanced by EVPRs. e test parameters include the stirrup ratio, arrangement spacing, prestressing force, and vertical compressive stress degree of the EVPRs, and the concept of vertical compressive stress degree c p and principal tensile stress reduction factor η p is proposed. Based on analysis of the test results, the following conclusions can be drawn:
(1) Due to the shear contribution of the EVPRs as a stirrup and the vertical compressive stress originated from the EVPRs, the shear compression failure occurs in the EVPR specimens, instead of the diagonal tension failure of the control group. Not only can the shear capacity of concrete beams without web reinforcement be improved significantly by the EVPRs, but also EVPR members exhibit better ductility and Advances in Civil Engineeringtheir flexural cracks and shear cracks develop more fully. (2) e shear capacity of the beam increases with the increase in the stirrup ratios of the EVPRs and the compressive stress degree. When the tensile force of the EVPR is constant, the shear capacity increases when the spacing of the EVPRs decreases. (3) e vertical compressive stress can reduce the principal tensile stress of the concrete structure to prevent shear cracking and enhance the shear performance of the concrete, and the EVPR shares shear load as a stirrup in the stage from the formation of the CSC to the shear failure.
In general, EVPRs are an active and effective method to enhance shear resistance of concrete structures. However, there are some limitations in applying the EVPRs to damaged concrete beams: EVPRs have an impact on the aesthetics of the original structure, and sometimes, their anchoring measures are not convenient even disable to be installed.
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